| INTRODUCTION
Peri-implantitis (PI) is characterized by soft-tissue inflammation and progressive bone loss around dental implants. 1 According to Derks et al., PI affects 45% of patients who receive dental implants, with 14.56% of such patients having moderate-to-severe disease. 2 Although PI shares similar characteristics to periodontitis, PI appears to progress more aggressively, and if left untreated can lead to implant loss. 3 Given that 4 50 000 implants are placed yearly in the USA, 4 PI is a significant clinical concern as a result of the cumulative number of implants delivered over time.
The pathophysiology of PI is not well understood and a goldstandard protocol for treating the condition has not been defined. [5] [6] [7] Risk factors for PI appear to be similar to those for periodontitis and include the presence of excess restoration cement, previous periodontal diseases, poor oral hygiene, diabetes and host or genetic influences. 8, 9 While genetic factors have been shown to be a significant determinant in the development of periodontitis, [10] [11] [12] including 50% heritability, 10 the genetic contribution to PI is largely unknown. However, several studies have started to investigate genetic mediators in PI using clinical cohorts. Indeed, Laine et al. 13 showed that polymorphisms in interleukin-1RN were associated with northern Caucasian patients with PI. Furthermore, in a clinical study of chronic periodontitis and PI, Casado et al. 14 found that specific bone morphogenetic protein/ retinoic acid inducible neural-specific 3 (BRINP3) polymorphisms and low levels of expression of BRINP3 protein were associated with PI.
Moreover, it is well documented that previous periodontitis history and certain environmental factors increase the risk for PI, and GarciaDelaney et al. 15 utilized a clinical study to investigate polymorphisms in interleukin-1 in patients who smoke. The incidence of PI was significantly higher in patients with a previous history of periodontitis and both groups shared similar interleukin-1 polymorphisms. However, there was no increased risk of PI in heavy smokers with interleukin-1 polymorphisms, suggesting that previous periodontal disease risk and host factors may play a larger role in PI risk than environmental factors. 15 We therefore hypothesize that the genetic framework of the individual affects susceptibility to and progression of PI. The goal of this study was to examine whether there is a genetic influence in the susceptibility to PI by employing a murine model using three genetically different inbred mouse strains. Mice are good candidates for this type of translational study because they share similar functional, structural and genetic traits with humans and can serve as a foundation for identifying genetic variations associated with various stages of PI development, which would be difficult to study in humans.
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| MATERIAL AND METHODS
| Animals
Four-week-old C57BL/6J (n = 22), C3H/HeJ (n = 22) and A/J (n = 21) male mice (The Jackson Laboratories, Bar Harbor, ME, USA) were used following the guidelines of the Chancellor's Animal Research
Committee of the University of California (Los Angeles, CA, USA).
In addition, the Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines for animal research and submission of studies were followed. 18 For the duration of the study, mice were fed a soft diet ad libitum (Bio-Serv, Frenchtown, NJ, USA).
| Tooth extraction and implant placement
Four-week-old male mice had their first, second and third maxillary left molars extracted. After 8 weeks of natural healing, titanium implants were placed in the extraction sockets. Specialized smooth-surface titanium implants were machine fabricated from 6AL4V titanium rods (D.P. Machining Inc., La Verne, CA, USA). Implant specifications were as follows: the threaded surface of the implant was 1.0 mm long and 0.5 mm in diameter. Each mouse received one implant, as previously described. 19 In brief, following anesthetization, a mesiodistal incision was made using a 12D scalpel blade in the maxillary keratinized tissue in the area corresponding to the second molar using the contralateral right side as a reference. Full-thickness buccal and palatal flaps were elevated and osteotomy was performed using a manual rotation 0.3-mm-diameter hand drill (BIG Kaiser Precision Tooling Inc., Hoffman Estates, IL, USA). Titanium implants were screwed into the extraction socket in a clockwise direction. Implants were allowed to osseointegrate for 4 weeks following placement. 19 During the course of tooth extraction and implant placement, mice were given oral antibiotics ad libitum, as previously reported. 19 
| Induction of PI
Four weeks after implants were placed, osseointegration was assessed clinically, based first on the presence/absence of the implant fixture and second by manually applying buccolingual wiggling forces to the implants to check for stability.
At 4 weeks after placement, PI was induced using the silk ligature model previously described. 19 Mice were randomly separated into ex- One or 4 weeks after ligature placement, the mice were killed, their maxillae were harvested and the specimens were clinically imaged using a digital optical microscope (Keyence ® VHX-1000; Keyence, Osaka, Japan). Maxillae were then fixed in 4% paraformaldehyde for 48 hours and subsequently stored in 70% ethanol. In the experimental group, if the ligature was not present at the end of the experimental period, the specimen was excluded from the data analysis.
| Micro-computed tomography analysis
Maxillae harvested at the 1-week and 4-week time points were scanned using micro-computed tomography (micro-CT) (Model 1172;
SkyScan, Kontich, Belgium) at 10 μm resolution. Volumetric bone loss was measured using CTAn (V. 
| Histology
| Undecalcified samples
Samples from the 1-month time point were embedded in methyl methacrylate as previously described, ground coronally to a final thickness of approximately 20 μm (Scientific Solutions, LLC, Fridley, MN, USA) and stained with toluidine blue. 19 Samples were imaged using an OLYMPUS BX51 microscope (Olympus, Shinjuku, Tokyo, Japan) with either bright field for toluidine blue staining or a FITC filter for calcein labeling.
| Decalcified samples
Maxillae harvested at 1 and 4 weeks were decalcified in 15% EDTA in 4 degrees Celsius, then implants were unscrewed in a counterclockwise direction from the specimen. Five-micrometer-thick sections were cut sagittally using a microtome (McBain Instruments, Chatsworth, CA, USA), as previously described. 20 
| Statistical analysis
The differences between the two groups with respect to the number of implants present at the end of the experimental periods was calculated using the chi-squared (Fisher's exact) test (Prism 5; GraphPad Software, Inc., La Jolla, CA, USA). The data were set up as a contingency table with variables for either the presence (success) or absence (failure) of the implant after 4 weeks of osseointegration. For volumetric bone loss (n ≥ 4/group/time point) and osteoclast counts (n ≥ 3/group/time point), values were averaged for each group (mean ± standard error of the mean) and the statistical differences between and among groups were evaluated using a Student's t test and a twoway ANOVA followed by a Bonferroni post hoc test with a 95% confidence interval. Significance levels were as follows: P≤.05*, P≤.01**, P≤.001*** (Prism 5; GraphPad Software, Inc.).
| RESULTS
| Clinical and radiographic assessment of implant osseointegration
Initial implant osseointegration was assessed clinically at 4 weeks 
| Clinical changes in PI development
| Radiographic changes in PI development
Radiographically, at 1 week, there was a statistically significant increase in volumetric bone loss in the C57BL/6J and C3H/HeJ ligature groups compared with their respective controls. A/J mice did not show statistically significant volumetric bone-loss differences between the ligature and control groups. However, there was a statistically significant difference in the ligature-treated groups among the three mouse strains. C57BL/6J mice presented with the highest mean volumetric bone loss followed by C3H/HeJ mice, while A/J mice had the lowest amount of bone loss ( Figure 1D ).
At 1 month, all three ligature groups had a statistically significant increase in volumetric bone loss compared with their respective controls. C57BL/6J mice had a statistically higher amount of circumferential bone loss compared with the other two mouse strains ( Figure 1E ).
Representative radiographic images showed circumferential bone loss around the implants ( Figure 1B,C) .
| Early histological changes in PI development
To assess cellular changes during PI development, samples from the control and ligature groups were analyzed histologically using H&E, picrosirius red (collagen composition) and TRAP (osteoclast) staining.
In addition, immunohistochemistry was performed to assess neutrophil infiltrate (NIMP-R14).
Histologically, through H&E staining, at 1 week, the control (no ligature) groups presented with normal epithelial and submucosal architecture and close bone contact was observed in all strains.
However, the bone quality in the ligature groups was different among the three different strains of mice. The alveolar bone in the ligature group of A/J mice was largely dense (Figure 2A ). In contrast, the alveolar bone quality in the ligature groups of C3H/HeJ and C57BL/6J mice appeared less dense (Figure 2A,B) . Similar findings were observed in the control and ligature groups 4 weeks after ligature placement ( Figure A1 ).
Histologically, through picrosirius red staining at 1 week, the Type 1 collagen in the soft and hard tissue appeared more organized and parallel to the implant head in the control groups. However, in the ligature groups, collagen organization in the soft and hard tissue appeared disrupted and oriented perpendicular to the implant head ( Figure 3A,B) .
Comparing all three ligature groups, the C57BL/6J ligature group Data are mean ± standard error of the mean. ***P < .001, **P < .01, *P < .05 (n ≥ 5 for all groups). (E) Bar chart representing the average volumetric bone loss from the implant head to the alveolar bone 4 weeks after ligature placement. Data are mean ± standard error of the mean. ***P < .001, **P < .01, *P < .05 (n ≥ 5 for all groups)
| Late histological changes in PI development
In order to profile late changes in PI development, samples from 
| DISCUSSION
In this study, we utilized an experimental model of PI 19 on three different mouse strains to investigate the role of different genetic profiles on implant osseointegration and PI susceptibility and development.
Although there was no statistical significance in implant retention among the three strains, there was a statistically significant difference in the volume of circumferential bone around the axial portion of the implants in the control mice among the three different mouse strains, mice. These variations in initial implant integration could be a result of initial bone modeling or remodeling. Given the initial differences, our study suggests that genetic variations can play a role in the initial bone level after implant placement. These results corroborate the findings of Cosyn et al. 21 in that initial implant osseointegration could be at least partially attributed to genetics.
Development of PI was also statistically significantly different among the three genetically different mouse strains. Specifically, the C57BL/6J ligature group presented with increased circumferential volumetric bone loss, increased osteoclast numbers and a higher neutrophil presence compared with the C3H/HeJ and A/J groups.
Interestingly, the PI data presented here follow a similar pattern to that observed in our experimental periodontitis model on genetically different mouse strains. 11 In our periodontitis study, C57BL/6J
was also the most susceptible mouse strain followed by C3H/HeJ and then A/J, 11 suggesting pathophysiological correlations between the two conditions. Moreover, the current study concurs with other studies that identified the genetic importance of single nucleotide polymorphisms as a risk factor for PI. [21] [22] [23] [24] [25] In addition, our data, in conjunction with previously published data, suggest that PI, like periodontitis, is a complex trait disease, in which multiple genetic polymorphisms act in concert to increase disease risk. [21] [22] [23] [24] [25] [26] Corroborating with a complex trait disease model for PI, a meta-analysis evaluating the role of interleukin-1 in PI showed that while there was not a significant effect of interleukin-1A or interleukin-1B individually, a composite polymorphism phenotype with interleukin-1A and interleukin-1B was associated with an increased risk for implant failure and subsequent PI. Through this model, the authors observed that mice challenged with P. gingivalis exhibited greater bone loss around implants and increased expression of tumor necrosis factor-alpha 6 weeks after infection. 41 Although some information on bacterial colonization and host response has been gathered, detailed differences in bacterial colonization on natural teeth and dental implants, as well as differences in genetic host response to bacterial colonization and changes in gene expression, are areas that need to be explored further.
Animal models, and specifically mouse models, allow tight environmental control and reproducibility. Additionally, mice share similar orofacial and genetic characteristics to humans and there are large genomic, transcriptomic and proteomic databases available for identifying genes and signaling pathways that can be translated back to human studies. [42] [43] [44] Two groups, including our own, have utilized the mouse to interrogate experimental PI; 19, 45 overlapping results were obtained, again highlighting the reproducibility of these study designs.
Several mouse panels have been developed in order to perform detailed genetic interrogation of diseases, including the Collaborative Cross (CC) 46 and the Hybrid Mouse Diversity Panel (HMDP). 47 Herein, we utilized three strains that derive several recombinant strains of the HMDP. The HMDP is a panel of more than 100 classic and recombinant inbred strains genotyped for ~6 50 000 single nucleotide polymorphisms, which allows for high mapping resolution and statistical phenotype to genotype association. 48 The HMDP has successfully been utilized to dissect complex traits, including conditioned fear response, plasma lipids, gene-by-diet interactions in obesity, diabetes, inflammatory responses and heart failure. [49] [50] [51] [52] [53] [54] [55] Most importantly, the HMDP has been successfully employed in translational studies, including validation of genetic loci in humans that regulate liver metabolites, 55 thus increasing the validity of our study. Furthermore, mouse-strain overlap in both the CC and HMDP, such as A/J mice and C57BL/6J mice serving as parental strains for both panels, could facilitate utilization of the CC and/or the HMDP.
Additionally, our studies provide useful mouse models for the study of PI by other investigators. For example, if potential PI treatments are explored, the choice of C57BL/6J mice as the experimental strain would provide maximum PI-induced bone loss and immunological responses at baseline, such that interventional effects or treatments would be easier to observe. Alternatively, if PI complicating factors are the focus, A/J mice would show low levels of baseline bone loss such that compounding effects would be more clearly depicted.
In conclusion, our results suggest that the genetic framework of an individual could play a role in PI susceptibility and progression. While future work is needed to tease out the intricate genetic players in PI, our study serves as a foundation for further systematic genetic interrogation of PI. 
